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In the characterization of the phase noise of a component, it is common practice to measure the
cross-spectrum density at the output of two phase detectors that simultaneously compare the
component output signal to a common reference. This technique, which is based on correlation and
averaging, allows the rejection of the phase detector noise. On the other hand, it is known that the
interferometer exhibits lower noise floor and higher conversion gain than other phase detectors
suitable to radio-frequency and microwave bands. Thus, we experimented on an improved
instrument in which the phase noise of a component is measured by correlating and averaging the
output of two interferometers. The measurement sensitivity, given in terms of noise floor, turns out
to be limited by the temperature uniformity of the instrument, instead of the absolute temp@&rature
This feature makes the instrument suitable to investigate the spe&(if of phase fluctuations
belowkgT/P,, i.e., the thermal enerdi T referred to the carrier powé?,. The described method

is suitable to the implementation of instruments in a wide frequency range, from some 100 kHz to
40 GHz and beyond. In principle, this method can also be exploited for the measurement of
amplitude noise. Theory and experimental proof are given.2@0 American Institute of Physics.
[S0034-674800)01708-1

I. INTRODUCTION which shows lower noise and higher conversion gain. In this
case, sensitivity is limited by the absolute temperature of the
For several reasons, some of which briefly consideregnierferometer and by the noise figure of an amplifier, and
underneath, phase noise plays a privileged role with respegherefore, it is proportional to the carrier powg,. For
to amplitude noise. In electronics, for instance, phase noise lﬁ%ference, withP,=10 dBm the noise floor can approach
generally integrated over a long time, while amplitude noise_ 180 dBrad/Hz.
produces local effects only. Then, digital circuits are rela- The interferometric method was initially proposed as a

tively immune to amplitude noise but_prone to transition jit- means to characterize microwave amplifiefsiterwards, it
ter, which results from phase noise. Furthermore, the

- S . was used in conjunction with a discriminator for the mea-
Barkhausen conditions for steady oscillati@mity gain and " :
surement of the frequency stability of oscillatdrslore re-

zero phasgimpose that the internal phase fluctuations of an . )
phaseimp b cently, this method was exploited for the measurement of the

oscillator are transformed into frequency fluctuations; this h ise o%-band ve devickand for the f
results in enhanced phase fluctuations at the output of thg1as€ NOISE aR-band passive deviceand for the frequency

oscillator! Finally, the frequency multiplication process also StaPilization of whispering gallery oscillators accomplished
multiplies phase noise, which limits the maximum frequencyPY dynamical phase noise correctﬁ)ﬁhen, a comprehen-
attainable by frequency synthesis. sion mproyemer‘?tprowdgd new design rules and the exten-
Phase noise is usually described in terms of the powepion Of the interferometric method to lower frequendie80
spectrum densitB,(f) of the phase fluctuatiop(t). In ra- MHz). Finally, the interferometer proy_ed to be suitable to the
dio frequency and microwave domains, up to 40 GHz orMeasurement of the frequency stability of 5—-10 MHz quartz
more, it is a common practice to meas®gf) by means of resonatorSwith a sensitivity of some 10'.
a fast Fourier transforr(FFT) analyzer preceded by a phase- ~ On the other hand, the sensitivity of phase noise mea-
to-voltage converter consisting of a saturated mixer. In googurements can be improved by exploiting a correlation tech-
experimental conditions and with relatively high carrier nique, in which two equal instruments simultaneously mea-
level, some 15 dBm, the sensitivity of a noise measuremersure the same device. If the two instruments are independent
system based on a saturated mixer can hardly be higher thamd only the device being tested is shared, the instrument
—170 dBrad/Hz (white nois¢ plus —140 dBrad/Hz at f noise is rejected. In frequency metrology, this technique was
=1 Hz (flicker). Higher sensitivity can be obtained by re- initially used as a means to measure the frequency stability
placing the mixer with a radio-frequency interferometer,of a hydrogen maser pdirand subsequently reproposed in
various ways, *2with double-balanced mixers as the phase

3E|ectronic mail: rubiola@polito.it detector. ) . )
DElectronic mail: giordano@Ipmo.edu Thus, we combined the above two ideas, interferometer
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and correlation, proposing the double interferometer and  input power loss ¢ output

implementing two prototypes:4 wlt) . [71
The noise floor of the double interferometer turns outto ~ "ift) € no(t) = =5+ 5 malt)

bg Ilmlted py the temperature difference of the reS|st.|ve tgr— Ni(w) Nofw) = Mé(q_;)Jr €€;1N,,(v)

minations, instead of the absolute temperature. This noise

temperature T,

compensation mechanism is similar to that of correlation ra- ]
thermal noige Ng=kgTg

diometers and radio telescopes. But, our instrument is de-
signed to measure the power spectrum density of noise close FIG. 1. Noise model of an attenuator.
to a strong carrier signal, say 0—-20 dBm, instead of the

power of small radiation alone. A noise floor of some , . .
— 195 dBrad/Hz can be attained with a carrier power below to avoid “excess” because the latter is often considered syn-
10 dBm. onymous of flicker, which is more restrictive. Obviously,

dAM and PM noise, as well as spectra, can be divided in the
Same way. Furthermore, we assume &) andn®X(t) are
independent. Finallyp™(t) andn®(t) can be separately de-

The double interferometer, although originally intende
as a means to characterize components for high stability o
cillators, is actually a tool for general experiments involving

the measurement of low-noise phenomena in the vicinity of £OMPosed according to EE). _ _
strong carrier signal. In addition, as the double interferom- _AAS @ consequence of the Nyquist theorem, a resistor of

eter removes the thermal floor, it makes possible the mea/@lu€Ro at temperaturd can be modeled with a cold resis-

surement of flicker noise at higher Fourier frequencies thafOf Ro In series to a geqerator of random voltage(E)_ that
other instruments. accounts for thermal noise. Hence, a volta@® is available

across an impedance-matched load. The corresponding PSD
is N(v) =kgTR,, wherekg=1.38x10 23 is the Boltzmann
Il. BASIC CONCEPTS constant. With thermal noise, it hold¥.(f)=kgTR, and
A high signal-to-noise ratio sinusoidal sigrsft) of fre-  Ns(f)=kgTRy. Thus, a sinusoidal signal from a source
quencyr, and powerP, at the output of a source impedance whose internal resistance is at temperatlins affected by
matched to its characteristic impedanBg can be repre- AM noise SI(f)=kgT/P, and by PM noise S)(f)

sented as =kgT/Py.
. The extension of the Nyquist theorem for circuits at non-
S(1)=V2RoPo[ 1+ a(t)]sin 2mvet+ ()] (D uniform temperature yields the description of the attenuator

¢(t) anda(t) are the phase modulatig®M) noise and the behavior shown in Fig. 1. The attenuator, of power-loss
amplitude modulatiofAM) noise, respectively. The physi- impedance matched &, at both ends, and is at temperature
cal quantity of major interest is the power spectrum densityTa- When the thermal noise;(t) from a resistance®, at
(PSD S,(f) of ¢(t) as a function of the Fourier frequenty temperatureT; crosses this attenuator, it results in a random

Signal (1) can be rewritten as signaln(’)(t)zni(t)/\/l— at the output. The attenuator adds its
) noise. Indicating witm,(t) the equivalent noise voltage of a
S(t)=V2RoP, sin[2mvot]+n(1), (2 resistance, at the temperatur&, , the noise contribution of
wheren(t) is the random voltage that causes AM and PMthe attenuator isig(t)=(1—1)/I ny(t). This is related to
noise. Thenn(t) can be divided as the fact that if the attenuator and the resistor are at the same
. temperatureT the total output spectrum densiti,(»)
n(t) =ne(t)cod 2mvot) + Ns(t)sin(2mwit), ®) =N/ (»)+N’(») must be equal tkgTR, and independent
which is related to the AM and PM noise by of I, and that foll =0 the equivalent temperature observed at
the output isT,.
a(t)= ns(t) and o(t)= Ne(t) . 4) Let us now consider the sum and the difference of two
VRoP, VRoP, independent random signatg(t) andny(t):
The spectrum densitig¥.(f) andNg(f) come from the su- 1
perposition of the upper and lower sidebandsnéf), i.e., a(t)=—[ny(t)+ny(t)], (5)
N(vo+f) andN(vy—f), which is inherent in the frequency V2
conversion process.
If n(t) is a true additive random voltage, like thermal 1
noise is,n¢(t) andng(t) are independent random variables of b(t)= ﬁ[nl(t) ~n2(B], )

equal PSD. We assume that evem(ft) is of parametric

origin, ns(t) andng(t) are independent, although their PSDs obtained either as the result of a mere algebraic operation or
may be different. In most cases, this approximation is closéy means of a lossless 3 dB coupler; such a coupler, which
to the actual behavior of radiofrequency and microwave dedoes not add thermal noise, is the idealization of a 3 dB
vices. In fact, in the presence of a carrier signal the noiséybrid junction, i.e., a transformer, a microstrip network, or a
phenomena of these devices tend to affect phase and ampliticrowave magid. As we need not a representation of form
tude independently. Moreoven(t) can be represented as (1) or (3), we can use the baseband frequefcwhich is
n(t)=n™(t) + n®(t), which is the superposition of thermal consistent with the notation of Sec. IV. The cross PSD of
noisen(t) and extra nois@®(t); we use the word “extra”  a(t) andb(t) is, by definition,
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FIG. 2. Scheme of the double interferometer.

Sab(f)Zf{Rab(T)}:foo Rap(T)exp(—2mfr) dr, (7)

whereF{.} is the Fourier transform operator, aR(7) is
the cross-correlation function

1
Rap(7)= lim —La(t) b* (t—7) dt; (8)

0

f—o0

the symbol ‘*” stands for complex conjugate and can be

omitted because we deal with real signals. Makm(t) and

(10). A similar mechanism is exploited in the Allred
radiometet”*8to compare a noise source to a reference one.
This instrument works as a sort of bridge that is nulled ob-
serving the sign o8, and controlling the reference source.
The noise compensation mechanish®), combined with a
carrier suppression technique and down conversion, makes
the realization of our high-sensitivity phase noise measure-
ments system possible.

n,(t) appear in Eq(7), and dividing thermal and extra noise, [1I. PHASE NOISE MEASUREMENT SYSTEM

we get
San(f)= 3[N1(f)—Ny(f)]

= 3[kg(T1—T2)Ro+NF(f) —NSX()].

©)
(10

This means that if,(t) is a pure thermal fluctuation and the

temperature of the instrument is homogenedus<T,), the

instrument compensates for thermal noise and measures t . i e
P «. Port of the hybrids, while the carrier is suppressed atAhe

extra noiseNT(f) only. Alternatively, in the absence of e

tra noise, the instrument noise floor is limited by the tem-

perature inhomogeneity; — T,.
Sap(f) is related to the Fourier transforA(f) andB(f)
of the individual signals by

San(f)=A(f) B*(f). 11

Generally, dynamic signal analyzers make use of #4d)
replacing the true Fourier transform with the FFTagf) and
b(t) simultaneously sampled, and averaging avescquisi-
tions. Thus, the estimate of the spectr@g(f) is affected
by a rms uncertainty

|Al|B]
J2m

If a(t) and b(t) are uncorrelated, the estimate 8f(f)
approaches zero proportionally toy2m, being limited by

12

O-Sab:

The theory of the interferometer is reported in Ref. 6,
together with design strategies and experimental results. The
double interferometer, shown in Fig. 2, consists of two inter-
ferometers that simultaneously measure the phase noise of a
single device under te$DUT). Setting the variable attenua-
tors | and the variable phase shifteys equal to the DUT
RQase and attenuation, all the oscillator power goes t&the

outputs. The carrier suppression mechanism has no effect on
the DUT noise. Therefore, one fourth of the power of the
DUT noise sidebands is present at the input of each ampli-
fier. Setting the phaseg’ equal to the phase lag of the am-
plifiers, the mixers down convert the DUT phase noise to the
baseband. In this condition, the voltaga$t) and b(t)
present at the output of the mixers are proportional to the
instant value of the DUT phase(t). Consequently, the
cross PSD of the two output signals is proportional to the
DUT phase noise PSD, while the individual interferometer
noise is rejected.

The three hybrids on the left part of Fig. 2 are used as
power splitters and may be replaced with them. It should be
remarked that the power splitter is actually a four-port hybrid
internally terminated at one port, otherwise it could not be
impedance matched at all ports. The scheme of Fig. 2 is
based on 90° hybrids, which corresponds to the 100 MHz

the uncertainty(12). Therefore, a long averaging time may implementation used in this article. Yet, any other combina-
be needed to attain the ultimate noise floor of the instrumentjon of 180°and 90° hybrids and power splitters would work

determined by temperature inhomogeneity or cross talk.

in the same way. The only constraint is that the carrier sup-

It should be remarked that the high sensitivity of thepression and the detection of the DUT phase noise must be

correlation microwave radio telescope® relies upon Eq.

ensured by properly setting’ and y".
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IV. SIGNAL ANALYSIS OF THE DOUBLE

1 1 1
INTERFEROMETER 06D =g )+ SNz F 3 Nas(D)
Let us now analyze in detail the double-interferometer
setup for the measurement of a generic DUT of Ib$isat i 1 /I -1 nt (t)+ 1 N (t) |sin(2mvt)
produces both thermal and extra noise. 2 I d ¢

As the oscillator provides the phase reference to the
whole machine, its phase noise is rejected. The noise of the
variable attenuators and phase shifters responsible for the +/g| DETECTED| cog 27mv,t). (16)
carrier suppression vanishes in the correlation and averaging
process because these devices are independent and the two
arms are isolated. The noise of the two amplifiers vanisheéfter filtering out the 2, components, the down-converted
for the same reason. The mixers and the detection phasignals are
shifters y” are independent and they process amplified sig-
nals, thus their noise contribution is negligible. At a deeper a(t)= \/@

NON

TERMS

1 1 1
\/E 1c(t) \/l—nZC(t)_ §n35(t)

sight, one can observe that the effect of all the independent I'm
noise sourcegattenuators, phase shifters, amplifiers, )etc.
can only be an increase in the numineof averages needed 1 /1-1
for a given noise floor, according to E@.2). For the sake of t3 |_nd C(t)+ ng (t)l (17)
simplicity, we assume that the hybrids are lossless and noise-
less; anyway, nonideality of the hybrids can be reintroduced 29| 1 1 1
later in the equations. b(t)= \/T N1e(t) + S—=Nae(t) + 5 Nas(t)
Under the above assumptions, there remain four random m ‘/ﬁ \/l—
signals shared by the two arms, namely, the DUT nnjgé) 1 -1
and the thermal noise;(t), n,(t), andns(t) of the resistive + =1\ /—nd C(t)+ nge(t) |, (18)
terminationsR;, R,, andR; at temperaturd{, T,, andTjg; 2 l

as there is no ambiguity, we omit the superscript “th” of

- : wherel ,, is the mixer loss; according to the usual definition,
ny(t), ny(t), andny(t). Def|n|ng the thermal noise of a re- m g

5 h gel of Fia. 1 vield I includes the 3 dB intrinsic loss due to the fact that the
sistor at temperaturq asng ff/wo el of Fig. 1 yields mixer makes the sum and the difference of its input frequen-
a DUT noise contribution ok/(I—1)/I n (t) Besides this, cies, and consequently, it splits the input power into two
we define the extra noise at the DUT outputng¥t). bands.

When the oscillator signa{2RoP, cos(2ru) is taken The cross correlatio® ,,(7) contains only the autocor-
as the phase reference, the phase of the DUT output signal {§|5tion terms, while the mixed ones vanish because all the

that of sin(2ryf). Hence, phase noise comes from thepgice processes are independent. Hence, the cross PSD is
n.(t) cos(2rygt) component of the DUT noise. Consequently,

it holds S,(f)=N¢(f)/(RoP,), where P, is the carrier g1 1 1
power at the DUT output. San(f) =1~ I Nlc(f) 2 Nac(F) = N3s(f)
The reference signals at the mixer LO ports are I
1 1
+TN C(f)+ ENgxc(f)}, (19

ra(t)=—V, cog2mygt), (13
and therefore,

rp(t) =V, sin(2mwet). (14) 1 1 -1
Sap(f) = |— 1757 T2m 5 Tat 5 Ta
Accordingly, arma detects the cosyt) component of the g
signal present at the rf port of the mixer, and dordetects + —N (). (20

the sin(Zrygt) component. These rf signals are
If the whole machine is at the same temperaflireT,, the
cross PSD reduces to

1 1
va(t)=g| - F MaelV) 5 Nze(1)F 5 Nas(t) g

San(f)= 5~ Nge(), (21
2l
1 /I-1 1 L . .

A ng C(t) - = n (1) [cog 2mvot) which is determined by the DUT extra noise only. Therefore,
under the hypothesis of temperature uniformity, only the ex-

NON tra noiseNg*(f) contributes to the observed spectrum. This

) means that the simple noise compensation mechanism given
+Vg| DETECTED|sin(27vot), (159  py Eq. (10) also takes place in the double interferometer,

TERMS which makes the thermal noise vanish.
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To derive the gairk ,=S,,(f)/S,(f) of the double in- b I R A R R I R R R
terferometer we assume that thermal noise is negligible com- — e R e
pared to the DUT extra noise, i.e@Nq(f)=Ng{(f). Then, g_m e R e =T
insertingS,(f) =N.(f)/(RoP,) in Eq. (21) we get % MR R AL ISR

8 160t—t—H s

K, =20l 22 o IO MR IR

AP o’ T Pl raain P

. : a?'mt"wﬂ N T

As there are two hybrids along the signal path from the DUT LA NIRRT W
to the amplifier, each of which shows a ldgs actual gain is o I R R ' i
lower than Eq(22) by a factor 1/2. 100Hz iz © 7 10kG  100kH:

The single-arm noise flods, o(f) can be derived from Fourier frequency f

the eqUiV.a.lent r].OiSE_kBTo at the amplifier input, wherBis  rig, 3. Noise floor of the 100 MHz double-interferometer prototype. A and
the amplifier noise figure. The PSD of the down converteds: single arm. C: correlation.

voltage, either(t) or b(t), is S, o(f)=2FgkgToRg /Iy Di-
viding the latter by gair22), we get The rejection of the driving oscillator noise turns out to
be higher than 60 dB in the described conditions. Using a
(23)  low-noise quartz oscillator that exhibits a floor ef157
dBradf/Hz, the noise contribution of that oscillator is negli-
Then, accounting for the hybrid loss, the actual noise floor igible for our purposes.
higher than Eq(23) by a factorlﬁ. Figure 3 shows the results averagedmos 32767 mea-
Finally, the double interferometer can be set up to detecsures, which is the maximum of the available spectrum ana-
amplitude noise. This is easily accomplished by adding 90tyzer. Flicker and acoustic vibrations appear in the left part
to the two phase shifterg”, which causes thay(t) compo-  of the plot, while forf=2 kHz white noise only is present.
nent of the DUT noise to be down converted instead of thélThe single-arm noise floofcurves A and B is —172
n¢(t) one. Equation$16)—(23) still hold, provided some ob- dBrad’/Hz, which is close to the expected valigg,o(f)
vious subscript changes were done. =4FkgT,l ﬁ/PO: —172.3 dBrad/Hz. For reference, the
thermal noise of a resistor @t =290 K referred to the same
carrier powerP, is Sg‘(f)szTO/Poz—182 dBrad/Hz.
V. EXPERIMENTAL PROOF AND DISCUSSION Yet, the cross spectrum flogcurve Q is — 194 dBrad/Hz,
which is 12 dB lower than the thermal ro@i‘(f).

As a consequence of Eql2), a rms uncertainty
We measured the noise floor of a double-interferometes;/2m=—196 dBrad/Hz is expected, which is close to
prototype designed for the carrier frequengy=100 MHz.  the observed floor. Consequently, that floor is due to the
To do so, the DUT is replaced with a short cable, which isinsufficient averaging capability of the analyzer instead of a
noiseless. In this prototype, the hybrids show a Igss0.8  true hardware limitation, and it is expected to further de-

dB, while the loss of the mixers ik,=6 dB. The signal crease, increasin.
power at the mixer LO inputs is 8 dBm, and the DUT power
is P,=8 dBm. The amplifiers show a gai=40 dB, a noise  B. Noise of an attenuator

figure =2 dB, and a b"?‘”dw'dth of some 30 MHz centered The analytical development of E(R1) predicts that the
around vy. All the circuits are impedance matched Ry . )

- ) o . _thermal noise of an attenuator of losgserted as the DUT
=50 . Further details of this instrument are reported in

Ref 14 vanishes in the correlation-and-averaging process if the tem-

N : . perature of the whole machine is uniform, and that this is
Properly adjusting the interferometers, the carrier sup-

pression is at least 65 dB. In this condition, the amplifiermdeloend(:“nt of. We demonstrate this fact through an ex-

X o . . geriment in which two different configurations are com-
linearity is ensured because the residual output carrier never

exceeds— 25 dBm. which is 40 dB lower than the 1 dB pared. Thus, the DUT and the hybrid present in the center of
compression point'of the amplifiers Fig. 2 are replaced with a three port device that takes the two

In order to set the phase$ for the two mixers to detect configurations of F'g' 4. InA), most of the output hoise
. . : comes from the two independdnt 16 dB attenuators, while
phase noise, the DUT is replaced with a small-angle phasg

i ' . in (B) there is only oné=16 dB attenuator along the shared
modulator driven by the oscillator output of a lock-in. Thus, . .
a sinusoidal modulation of the order of 1 mrad is injected.path' Yet, the cross PSD is expected to approach zero in both

Then, each phase shifter is adjusted for zero voltage at the =€

output of the corresponding mixer, which is measured with
the lock-in. Finally, two 90°cables calibrated by means of a
network analyzer are added 48. Due to the high sensitivity

of the described null method, phase accuracy and phase
matching of the order of 1° can easily be obtained. The
phase modulator and the lock-in are also used to measure the
gain Ko, which is 24.5 dBW/rad? in this case. FIG. 4. Measurement schemes with the 16 dB attenuators.

FkgTo
RoPo -

S,o(f)=4

A. Noise floor
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I

=0aRoFaksTo /(I k) through a directional coupler. This
corresponds to a phase noisg‘i=gaR0FakBT0/(IkaPO),
plus an amplitude noise of the same value; the latter is neg-

S¢dBradZ/Hz
b

N\ single-arm 17 ligible because it is not detected. The source PSD is
Nk F G A R FaksToda=—100.5 dBm/Hz, while the coupling factor is
11 CTOSS Spectiut qel.lsny. A k.=11.5 dB. The attenuator consists of a 0—70 dB variable

unit in series to a 20 dB fixed one; for best impedance
20250 ! o D matching and stability, the fixed attenuator is located close to
100 Hz Fourier Frequency 100 kHz the directional coupler. As the DUT power i%,=8 dBm,
_ . ~ theinjected extra noise can be set to the desired value in the
FIG. 5. Phase noise measured with the two 16 dB attenuator configurations. 140 to— 210 dBrad/Hz range. In addition, the presence of
, . thermal noise is ensured by impedance matching. The use-
A" the. experimental condmons.are the same for the WO Iness of this arrangement consists of the capability of cali-
cqnflggrgtlons, excgpt for the detail O,f F,'g' 4. Thus, the hy'brating a subthermal random signal by means of relatively
brid driving power is different, but this is not relevant be- large signal measurements only, which can be easily per-

cause the hyb”d IS _n_ot power _sensmve_ Mo_reover, W&ormed with conventional spectrum and network analyzers.
choose a device specified for continuous operation up to 36 All the operating parameters of this experiment are the

dBm, while the input power does not exceed 22 dBm. Thesame as those reported in Sec. V A exceptrfowhich is
oscillator power isP,=26 dBm. Accordingly, the output reduced when possible

]E)_ower_|s POZA?l dBk:n at .eac.h port, the same for b”oth corr]l- Figure 7 shows the measured fld®y, averaged ovef
|gdgrat|ons. d0t ?{) circuit pararr]neters, as w(;e a,sb tdefrom some 5 to 50 kHz, as a function of the injects .
adjustment and calibration, are the same as describe @oing towards the left of Fig. 1, increases and the injected

Sec. VA. noise becomes negligible compared to the single-arm noise

Tze me_aSLIJ:r_ed 5PSVE/)S,faveraged mth 1?24 me?;urei,_t floor. Therefore, the single-arm phase noise approaches the
are shown n Fig. 5. We focus our-attention on e w IeS(,,(,:—172 dBrad/Hz, the same value that was measured
noise floor, forf>1 kHz. According to Eq.23), the ex-

. N in the absence of the DUT. By contrast, the correlated noise
pe(_:ted_ smgle—_arm noise IS, O(f)_._ 1704 dBFaa’HZ: fits the straight lineS,= S . Consequently, still under the
which is experimentally cqnflrmed with both Conf'gurat'ons'hypothesis of temperature uniformity, the instrument com-

f Jhﬁ crosf; PSD floo_rr;]s— 1:'37 dsr?d/Hz, :Imoit eﬂual Ipensates for the thermal noise and measures the extra noise
or both configurations. That floor is lower tthan the therma only. This confirms what we expect from E1).
energy referred to the carrier power, i.&5,=kgTo/P,

= —182 dBrad/Hz, and corresponds to the uncertainty limit
given by Eq.(12). ACKNOWLEDGMENTS

The authors wish to acknowledge Michele Elia from the
Politecnico di Torino for having greatly contributed to the

The DUT is now replaced with the circuit shown in Fig. theoretical comprehension of our experiments, and Marcel
6, which enables the injection of extra noifég(v)  Olivier and Jacques Groslambert from the LPMO for their
support and for valuable scientific discussions.

C. Low-noise measurement

DUT
-0 ‘E‘ - ID. B. Leeson, Proc. IEEB4, 329 (1966.
variab. k. 2K. H. Sann, IEEE Trans. Microwave Theory Ted!8, 761 (1968.
atten. 3F. Labaar, Microwaves RE1, 65 (1982.
4E. N. Ivanov, M. E. Tobar, and R. A. Woode, |IEEE Trans. Ultrason.

Ferroelectr. Freq. Contrel4, 161 (1997).
SE. N. Ivanov, M. E. Tobar, and R. A. Woode, IEEE Microwave Guid.
FIG. 6. Injection of the reference noide&*. Wave Lett.6, 312(1996.



Rev. Sci. Instrum., Vol. 71, No. 8, August 2000 Phase noise measurements 3091

SE. Rubiola, V. Giordano, and J. Groslambert, Rev. Sci. Instrfn 220 11G. s. Curtis, inProceedings of the 41st Frequency Control Symposium,
(1999. Philadelphia, PA, £3 June 1983IEEE, New York, 1983 pp. 218-225.
"E. Rubiola, J. Groslambert, M. Brunet, and V. Giordano, IEEE Trans.'?W. F. Walls, inProceedings of the 46th Frequency Control Symposium,
Ultrason. Ferroelectr. Freq. Contré¥, 361 (2000. Hershey, PA, 27429 May 1992(IEEE, New York, 1992 pp. 257-261.
8R. F. C. Vessot, R. F. Mueller, and J. Vanier, oceedings of the !E. Rubiola, V. Giordano, and J. Groslambert, Electron. L84, 93
IEEE-NASA Symposium on the Definition and Measurement of Short Term (1998.
Frequency Stability, Greenbelt, MD, 234 November 1964NASA, 1E. Rubiola, V. Giordano, and J. Groslambert, IEEE Trans. Instrum. Meas.
Washington, DC, 1965 pp. 111-118. 48, 642(1999.
9F. L. Walls, S. R. Stain, J. E. Gray, and D. J. GlazePinceedings of the  '°E.-J. Blum, Ann. Astrophys22, 140(1959.
30th Frequency Control Symposium, Atlantic City, N342June 1976  8J. D. Kraus,Radio AstronomyMcGraw-Hill, New York, 1966.
(EIA, Washington, DC, 1965 pp. 269-274.

7C. M. Allred, J. Res. Natl. Bur. Stand., Sect.66, 323 (1962.
10D, Fest, J. Groslambert, and J. J. Gagnepain, IEEE Trans. Instrum. Mea¥M. G. Arthur, C. M. Allred, and M. K. Cannon, IEEE Trans. Instrum.
32, 447(1983.

Meas.13, 301 (1964.



